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ABSTRACT 
In Automotive air-conditioning system, oil is mixed with refrigerant and runs in the system.  
Although some amount of oil is beneficial to compressor to reduce compressor wear and prevent 
leakage, the existence of oil in circulation influences the performance of the air-conditioning 
system and components. In this study, the effect of oil in circulation on automotive A/C system 
is investigated, and the effect on evaporator and condenser distribution is also discussed. 
First, experiments are conducted on a real automotive A/C system with R134a and PAG46 
as the combination of refrigerant and oil in both I35a condition and M35a condition. Six 
different amount of oil in circulation ratio (OCR) are investigated in each of the two conditions. 
The experiment results are analyzed for system capacity, heat transfer, pressure drop over heat 
exchangers and suction lines, compressor work, as well as COP.  
In addition, infrared images of both evaporator and condenser are taken in each experiment. 
The results are then compared with two previous findings to have a more generalized conclusion 
on the OCR effect on heat exchanger’s distribution.  
Furthermore, an EES model of evaporator and condenser is developed to validate the OCR 
effect on heat transfer and pressure drop over heat exchangers. Comparison between model and 
experiment results is made to validate each other.  
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2
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l/liq Liquid  
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CHAPTER 1 LITERATURE REVIEW 
Lubricant is necessary for automotive air-conditioning system because it could lubricate the 
compressor to reduce mechanical loss and prevent leakage. The automotive air-conditioning 
(MAC) system seldom has an oil separator because of the limitation of space, so the oil inside 
compressor would be mixed with refrigerant and run in the system.   
Compare to pure refrigerant, the oil-refrigerant mixture has totally different thermodynamic 
properties. Yokozeki (1992) proposed a correlation to calculate the liquid mixture’s viscosity; 
Jensen and Jackman (1984) proposed ways to calculate the liquid mixture’s density and surface 
tension. Flilippov and Novoselova (1995) gave a correlation to calculate the liquid mixture’s 
conductivity. Thome (1995) proposed a method to calculate the liquid mixture’s specific heat. 
During evaporation and condensation, the oil-refrigerant mixture would reach to equilibrium 
based on the bubble point or dew point temperature, which would be different from the 
corresponding saturated temperature for pure refrigerant. Takaishi and Oguchi (1987) proposed a 
correlation to predict the refrigerant/oil mixture’s bubble temperature. 
Furthermore, oil might change the flow pattern and distribution inside heat exchangers. Zou and 
Hrnjak (2014) found the distribution at evaporator’s vertical inlet header become worse with less 
oil. Li and Hrnjak (2014a) conducted experiments on R134a system and they also noticed that 
the distribution of two-phase flow inside evaporator becomes better when oil circulation ratio 
(OCR) increases. Jin and Hrnjak (2014) came up with a hypothesis that the inlet header of 
condenser acted as an oil separator. When adding more oil to MAC (automotive air conditioning) 
system, more oil would be accumulated at the bottom of the first pass of condenser, which results 
in a waste of heat exchange area.  
All those factors above work together and affect the thermal performance of the MAC system at 
both component level and system level. For the component level influence, according to Shen 
and Groll (2005), the influence on refrigerant boiling are highly inconsistent thus far because of 
so many trade-offs. The lubricant influence on boiling has both positive effect (such as forming, 
increased wetted surface and enhancement of nucleate boiling component at low OCR value) and 
negative effect (such as higher viscosity, higher mass transfer resistance and enhanced heated 
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surfaces).  Li and Hrnjak (2014b) also mentioned that the lubricant effect on evaporation heat 
transfer is very complicated and sometimes contradictory. For convective condensation, Thome 
(1998) concluded that the lubricant is relatively consistent. The dominant factor is the 
significantly increased viscosity of the mixture when adding oil, which would have an adverse 
effect on convective condensation. But the increased condensation temperature would 
compensate that adverse effect to a certain degree. For the refrigerant-side pressure drop across 
heat exchangers, Shen and Groll (2005) has concluded that most studies report that oil presence 
increases pressure drop during evaporation and condensation. One possible explanation is that 
the relatively thick oil film reduced the flow area. The second possible explanation is that the use 
of miscible oil resulted in an earlier formation of annular flow, which increases the pressure drop 
compared to stratified flow.  
At system level, many researchers have found that lubricant would have an adverse effect on 
system capacity and COP. DeAngelis and Hrnjak (2005) have done experiments to investigate 
the oil’s effect on a small R744 system by changing both oil viscosity and OCR. They found that 
both capacity and COP of system decrease at a higher OCR, and the decreasing of OCR is larger 
for higher viscosity oil.  They also plotted the P-h diagram of the cycle, and the evaporation 
pressure increases with OCR while condensation pressure stays relatively constant. They also 
noticed that the pressure drop across heat exchangers increases with bigger OCR and higher 
viscosity of the oil, but they didn’t see much influence of oil on refrigerant-side heat transfer 
coefficient.  
In addition, the existence of oil significantly changes the flow patterns and regime inside 
evaporator inlet header. Manwell and Bergles (1990) found that higher oil concentration resulted 
in more foam formation. Wongwise (2002) conducted a visual study of R134a/PAG mixture 
inside a horizontal tube and found strong froth in the flow pattern. Li and Hrnjak (2014a) 
visualized the flow of R134a/PAG oil in micro-channel evaporator inlet header. They found that 
foaming increases with oil concentration at the inlet of the header. Zou and Hrnjak (2014) 
investigated the two-phase flow regime of R134a/PAG in vertical header and concluded that 
foaming helps to unify the mixing of vapor and liquid inside the vertical header. The foaming 
inside evaporator header is directly related to refrigerant distribution in parallel tubes in 
evaporator. The maldistribution creates unwanted superheated region where heat transfer is 
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lower, which reduces the heat transfer effectiveness of heat exchangers and lower the system’s 
efficiency. The quantification of refrigerant distribution is investigated by many researchers (Li 
and Hrnjak (2015a), Bowers et al. (2010)) and it is also studies in Chapter 4. Li and Hrnjak 
(2015b) found that forming helps to improve the distribution inside the evaporator and enhance 
the heat transfer but the limitation of their research is that they didn’t use a real automotive 
evaporator in their research. Zou and Hrnjak (2014) also found that the distribution inside 
evaporator becomes better when adding oil into the system. They performed experiments on heat 
pump mode so the outdoor heat exchanger is the evaporator in their experiments. So the oil 
effect on heat transfer and distribution work together to influence the system’s capacity and COP.  
Jin and Hrnjak (2014) built a model to simulate the refrigerant and lubricant charge in AC heat 
exchangers, but they found the condenser lubricant mass was consistently under-predicted and 
insensitive to OCR change. By checking the infrared image, they hypothesized that the 
condenser inlet header acts like an oil separator. Oil is separated and accumulated at the bottom 
of the first pass of condenser, which increases the total oil retention. It was the first time in 
literature to observe this phenomenon, and more validation of it is very necessary.  
R134a and PAG46 is a very common combination of refrigerant-oil pair in MAC system.  In this 
study, a series experiments are designed and conducted on a real MAC system to see the oil 
effect on the system’s performance using R134a and PAG oil at both component level and 
system-level. In addition, oil effect on evaporator distribution is also studied by taking infrared 
image. Furthermore, the condenser is also checked by infrared image to confirm Jin and Hrnjak 
(2014)’s findings on the separating effect on condenser inlet header.  
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CHAPTER 2 EXPERIMENTAL SETUP 
2.1 System Facilities 
Figure 2.1 shows the schematic sketch of a MAC system used in the experiment. The variable 
speed compressor, micro-channel condenser, plate evaporator and expansion valve are all 
realistic components and taken from a major brand vehicle. The evaporator is a four-pass 
evaporator with two slabs. There are 15 tubes in each of the first two passes and 10 tubes in each 
of the other two passes. It has around 0.39 refrigerant-side surface area and 3.339 air-side 
surface area. The condenser consists of 40 tubes and four passes (15 tubes in first pass, 9 tubes in 
second pass, 8 tubes in third pass and 8 tubes in sub-cooling pass) and it is attached with a 
receiver. The air-side surface area of condenser is 1.558  and refrigerant-side surface area is 
5.4 . The TXV is adjusted to control the superheat to be around 12 . The compressor 
consists of six cylinders, each of which has a displacement of about 25 cm. Detailed geometry 
information of the evaporator and condenser can be found in Table 2.1.  
In the tests, measurement of oil is made by sampling, and the sampling device is installed 
parallel with the liquid line as shown in Figure 2.1. When the system reaches equilibrium after 2-
3 hours, the four valves highlighted in Figure 2.1 are closed. The sampling device is then taken 
off from the system to evaporate and measure the mass of both refrigerant and oil inside of it to 
calculate OCR. 
 (2-1) 
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Figure 2.1: Schematic drawing of the test facility 
 
2.2 Evaporator 
Figure 2.2a is the picture of the evaporator used in this study. It is a plate evaporator made by 
Delphi, which contains four passes and two slabs. Only the first slab can be seen in the picture, 
because the second slab is located behind the first slab.  The blue arrows in the pictures indicate 
how refrigerant flows in each pass. The flows in first and fourth pass are drawn in solid arrows, 
which they could be seen from front. The second and third passes are drawn in dashed arrows,  
which means that they cannot be seen directly from the front. Figure 2.2b shows a pair of plates, 
which are used to form one tube in the evaporator. The detailed geometry information can be 
found in Table 2.1.  
Sampling device 
Variable-speed compressor  
Micro-channel condenser  
TXV Plate Evaporator  
Sampling device  
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                                                (a)                                                                                         (b) 
Figure 2.2: Evaporator                                                             
 
Table 2.1: Detailed geometry information of evaporator 
Width (core) 257.5 mm 
Height (core) 211mm 
Depth 58 mm 
 2.2 mm 
Tube pitch 7.8 mm 
Louver angle 24º 
Louver pitch 1 mm 
Louver width 1.5 mm 
Louver length 7.3 mm 
Fin thickness 0.09 mm 
Fin pitch 1.8 mm 
 
2.3 Condenser 
The condenser used in this research is a micro-channel condenser with four passes (including the 
subcooling pass) as shown in Figure 2.3. The manufacturer is Denso (Part number: 477-0598). It 
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is used in 2007 Toyota Camry. Figure 2.3 also shows the detailed information about refrigerant-
side geometry and air-side geometry. Detailed geometry can be found in Table 2.2.  
    
    Figure 2.3: Condenser                          
 
Table 2.2: Detailed geometry information of condenser 
Width (core) 670 mm 
Height (core) 388 mm 
Depth 16 mm 
Tube thickness 1.7 mm 
Tube pitch 7.8 mm 
Port height 1 mm 
Port width 0.5 mm 
Port number (middle) 17 
Port number (side) 2 
Louver angle 26  
Louver pitch 1 mm 
Louver width 1 mm 
Louver length 7.3 mm 
Fin thickness 0.075 mm 
Fin pitch 1.6 mm 
 
2.4 Operating conditions 
The experiments are conducted in two conditions: I35 a condition and M35a condition (Table 
2.3). The refrigerant charge is determined following charge determination procedure (described 
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in SAE J2765) and it was held the same for all tests (Appendix). Oil is added in six different 
steps to provide different OCR values ranging from 1% to 8%. For each of the conditions, all 
parameters (compressor speed, air-flow rates, refrigerant charge, temperatures, humidity, 
superheat…) are held constant for each of the six OCRs.  
Table 2.3: Selected test conditions from SAE J2765  
Test 
Compressor 
speed (rpm) 
Condenser Evaporator 
Temp (  Face velocity (m/s) Temp (  Mass flow (kg/min) 
I35a 900 35 1.5 35 9.0 
M35a 2500 35 3.0 35 9.0 
 
2.5 Data Reduction and Uncertainty Analysis 
In both of evaporator and condenser chamber, three capacities are measured or calculated from 
the experiment data: refrigerant-side capacity ( ), air-side capacity ( ) and chamber 
capacity ( ). The refrigerant-side capacity is calculated by Equation 2-2 and Equation 2-
3, where  is the measured mass flow rate of the refrigerant and oil mixture, and , , 
,  denote the specific enthalpy of the refrigerant and oil mixture at evaporator inlet, 
evaporator outlet, condenser inlet and condenser outlet. The specific of the mixture’s enthalpy 
can be calculated based on the local vapor quality  and OCR as shown in Equation 2-4, where 
(1-OCR-x) means the amount liquid refrigerant dissolved in oil. It is assumed that no refrigerant 
liquid is dissolved in oil at compressor outlet as well as condenser inlet considering that the local 
temperature is high enough.  The air-side capacity is calculated based on the enthalpy difference 
or the air flow and the air flow mass rate as shown in Equation 2-5, and air enthalpy can be 
calculated based on the local air temperature, pressure as well as dew point. The chamber 
capacity consists of three parts: the power of the electrical facilities (heater, blower, lights, etc.), 
heat brought away by glycol cycle, and the chamber heat leakage as shown in Equation 2-6.  
                                             (2-2) 
                                             (2-3) 
   (2-4) 
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                                                  (2-5) 
                                    (2-6) 
For each the test, the difference between the three capacities is within 5% as shown in Figure 2.4. 
The system capacity is based on the average value of the air-side capacity and chamber capacity.  
                                                        (2-7) 
Compressor speed  and torque  would be read from the sensor and the compressor shaft 
work can be calculated by  
                                                             (2-8) 
 The coefficient of performance (COP) of the system is calculated as 
                                                             (2-9) 
If function U can be calculated from a set of N variables (measurements) represented by: 
                                                (2-10) 
The uncertainty of U can be calculated from the uncertainly of each variables as Equation 2-11.  
                                                  (2-11) 
The uncertainly of each variables/measurements are listed in Table 2.4. So the total uncertainty 
for COP is 3.7%, and the total uncertainly of  is 4.1%. (Li, H., 2013)  
 
              
              Figure 2.4:  Capacity balance check at a) I35a condition b) M35a condition 
 
 
a b 
+5% 
-5% 
+5% 
-5% 
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Table 2.4: Measurement error 
Variable Unit Uncertainty 
Refrigerant pressure kPa  
Nozzle pressure drop Pa  
Temperature   
Refrigerant mass flow rate Kg/s  
Compressor speed rpm  
Compressor torque Nm  
OCR -  
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CHAPTER 3 EXPERIMENT RESULTS – OIL IN 
CIRCULATION EFFECT ON SYSTEM PERFORMANCE 
3.1 System diagram 
When plotting both P-h diagram and T-h diagram, there are two ways to calculate enthalpy. One 
method is to calculate the enthalpy of the mixture by Equation 2-3, and the other way is to 
calculate the enthalpy of the pure refrigerant with the same pressure and temperature as the point. 
However, neither of the two approaches is completely correct when plotting diagrams. The 
imperfection of the first method is that the mixture’s state point is plotted on a pure refrigerant P-
h or T-h diagram due to the fact that there is no such diagram available for refrigerant and oil 
mixture, but it is also incorrect to use the enthalpy of pure refrigerant to represent the whole 
mixture. In order to have a sense of how P-h and T-h diagram changes with oil, both methods are 
adopted here to give a better evaluation as shown in Figure 3.1.  
 
a b 
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Figure 3.1:  (a) I35a P-h diagram (h is the enthalpy of mixture);  (b) I35a P-h diagram (h is the enthalpy of 
pure refrigerant); (C) I35a T-h diagram (h is the enthalpy of mixture); (d) I35a T-h diagram (h is the 
enthalpy of pure refrigerant). 
 
 
 
Figure 3.2:  (a) M35a P-h diagram (h is the enthalpy of mixture);  (b) M35a P-h diagram (h is the enthalpy of 
pure refrigerant); (c) M35a T-h diagram (h is the enthalpy of mixture); (d) M35a T-h diagram (h is the 
enthalpy of pure refrigerant). 
c d 
a b 
c d 
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From Figure 3.1 and Figure 3.2, it can be seen that the evaporation temperature and pressure 
increase with OCR at both conditions, so the temperature difference between refrigerant and air 
decreases with OCR. In addition, the specific enthalpy difference across evaporator decreases 
with OCR, which means that evaporator has less ability to provide cooling. The compressor 
seems to be more parallel to isentropic lines when adding oil, so less compressor work is needed 
for compressing same amount of vapor. All these factors compete together to influence the 
capacity and COP. More details would be covered in the following discussion and analysis. 
3.2 Lubricant effect on system cooling capacity 
Figure 3.3 shows that capacity decreases as OCR increases for both conditions. The question is 
why capacity is reduced by oil, and we will show it below.  
 
          (a)                                                                                                     (b) 
Figure 3.3: Cooling capacities under different OCRs: (a) In absolute value (b) Normalized 
 
3.2.1 Lubricant effect on pressure drop across heat exchangers 
Figure 3.4a and Figure 3.4b show the pressure drop per unit mass flow rate across in both 
evaporator and condenser increases with OCR. Considering that mass flow rate also increases 
with OCR for both condition, the total pressure drop across evaporator and condenser in both 
I35a condition and M35a condition increases even faster when adding oil as shown in Figure 
3.4c and Figure 3.4d. The evaporator pressure drop increases 47% in I35a condition and 18% in 
M35a condition when OCR ranging from the minimum to the maximum. In condenser, the 
increase is 13.7% in I35a and 16.5% in M35a.  
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          (a)                                                                                                     (b) 
 
          (c)                                                                                                     (d) 
Figure 3.4: (a) Pressure drop per unit mass flow rate in evaporator (b) drop per unit mass flow rate in 
condenser (c) Pressure drop in evaporator (d) Pressure drop in condenser 
 
This phenomenon has been confirmed by many related studies (Shao and Granryd (1994, 1995), 
Shen and Groll (2005), Li and Hrnjak (2014)). The pressure drop across heat exchangers is 
significantly influenced by viscosity, because higher viscosity results in a bigger Reynolds 
number and then increases the friction factor. From Table 3.1, it can be seen that the oil is much 
more viscous than both liquid refrigerant and vapor refrigerant. When oil is mixed with lubricant, 
the mixture’s viscosity would be significantly higher than that of pure refrigerant especially at 
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the high quality region. In addition, a relatively thicker oil film around the tube wall reduces the 
flow area, thus increases the pressure drop, too.  
Table 3.1: The viscosity comparison of oil and refrigerant (kg/(m.s)) 
Temperature  (saturated 
liquid) 
 (saturated vapor)  
 2.655*  1.092*  0.2536 
 1.415*  1.324*  2.286*  
 
3.2.2 Lubricant effect on suction line pressure drop 
The liquid refrigerant-oil mixture has the highest viscosity in the suction line due to the 
combination of low temperature and boiling off the refrigerant in the evaporator (Seeton and 
Hrnjak, 2009), so the pressure drop across suction line is significant considering that the suction 
line in the facility of this study is very long with several turns and valves. From Figure 3.5, it can 
be seen that the pressure drop across suction line increases with OCR in both I35a and M35a 
conditions. In addition, the pressure drop of suction line in M35a is much bigger than that in I35a 
condition. 
 
Figure 3.5: Suction line pressure drop across suction line in both I35a condition and M35a condition 
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The increase of suction line pressure drop with more oil has also been observed by Sethi and 
Hrnjak (2014). They found that higher OCR results in more oil retention in suction line (Seeton 
and Hrnjak, 2009), so the flow area of refrigerant is reduced. In addition, more oil results in more 
viscous oil-refrigerant fluid. Both of these two factors help to increase the pressure drop across 
suction line when OCR increases.  
A bigger pressure drop in suction line results in more compressor work. In addition, the lower 
compressor inlet pressure may reduce the mass flow rate of refrigerant, which also has a negative 
effect on the system’s performance.  
3.2.3 Lubricant effect on heat transfer 
The overall heat transfer coefficient (UA) is a good measurement of the overall ability of heat 
transfer. It can be calculated from experiment results by: 
                                                               (3-1) 
From Figure 3.6a and Figure 3.6b, the UA values of both evaporator and condenser decrease 
with OCR in both I35a and M35a condition in the experiments. The difference of evaporator UA 
is not significant between I35a and M35a, because they have the same evaporator air-side mass 
flow rate. For the condenser UA, the value is much higher in M35a condition, because the air-
side face velocity in M35a is twice as high as that in I35a (Table 2.3).  
 
          (a)                                                                                                     (b)                                  
Figure 3.6: UA value of (a) evaporator (b) condenser 
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The UA value of heat exchanger could be calculated as Equation 3-2.  
                                                   (3-2) 
The conduction thermal resistance could be ignored because it is very small compare to 
convection resistance. The air-side heat transfer coefficient (HTC)  could be calculated based 
on Wang and Chang correlation (1997), which is not influenced by oil. So the decrease of UA 
indicates that the refrigerant-side heat transfer coefficient  is reduced when OCR increases.  
For the decrease of , the dominant reason is that oil increases the mixture’s surface tension to 
suppress the nucleate boiling and hurt heat transfer. In addition, oil also changes refrigerant 
distribution in parallel tube evaporator. It can be seen from Figure 3.7 that the distribution rating 
parameter  (Bower, 2009) inside evaporator becomes smaller with more oil, which indicates a 
worse distribution. A worse distribution means more heat transfer area is wasted, which results in 
a lower UA.  
 
 
Figure 3.7: Distribution of the first-pass of evaporator at: (a) I35a (b) M35a 
 
(a)
 
a  
(b)
 
a  
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3.2.4 Lubricant effect on specific enthalpy difference in evaporator 
The effective specific enthalpy difference  in evaporator can be defined as the capacity 
divided by the mass flow rate (as measured by mass flow meter, including oil) as shown in 
Equation 3-3, where the  and  can be calculated from Equation 2-5 and 2-6.  
                                                                  (3-3a) 
                                                           (3-3b) 
Figure 3.8 shows that  decreases with OCR almost linearly.  
   
Figure 3.8: Specific enthalpy difference over evaporator at different OCRs: (a) I35a (b) M35a 
 
Using the method presented in Li and Hrnjak (2014b), the reduction of evaporator’s capability of 
cooling could be broken down into several factors. 
The first factor is that oil couldn’t provide any cooling capability. For unit mass flow rate, if oil 
is added to refrigerant to achieve a certain OCR, the cooling capacity of the unit mass flow rate 
is reduced by the same percentage, so the specific enthalpy difference is reduced by the same 
percentage. This loss is marked as 1 in Figure 3.8.  
The second factor is that R134a is soluble in PAG oil. For pure refrigerant, all of the liquid 
refrigerant would evaporate in evaporator. But for oil-refrigerant mixture, a certain amount of 
liquid refrigerant is dissolved in oil at the evaporator outlet, and that part of refrigerant couldn’t 
(a) (b) 
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evaporate to provide cooling capacity. The amount of refrigerant trapped in oil could be 
calculated based on the evaporator outlet temperature, pressure and the bubble temperature curve 
of the oil-refrigerant mixture.  
                                                       (3-4) 
The amount of liquid refrigerant dissolved in oil is calculated and labeled as 2 in Figure 3.8. 
Furfure more, when the hot oil-refrigerant mixture goes through the expansion valve, an extra 
amount of liquid refrigerant needs to evaporate in order to cool down the hot oil, so less liquid 
refrigerant can evaporate in evaporator to provide cooling capacity. This factor is labeled as 3 in 
Figure 3.8. 
For I35a, all the three factors above add up to 12.5% reduction of . The rest of the loss 
(around 2.5%) might come from other resources or measurement errors and it is marked as 4 in 
Figure 3.8a. For M35a, those three factors add up to 16% loss, which is 1.3% higher than the 
measurement value. The difference should come from measurement errors, and it is marked as 4 
in Figure 3.8b. 
3.2.5 Lubricant effect on mass flow rate 
The total mass flow rate of refrigerant-oil mixture can be measured from mass flow meter which 
is installed on the liquid line. By subtracting the oil mass from the mass of mixture’ mass based 
on OCR, we can calculate the pure refrigerant mass flow rate as illustrated in Figure 3.9.  
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          (a)                                                                                                     (b) 
Figure 3.9: Mass flow rate: (a) in I35a condition (b) in M35a condition 
 
From Figure 3.9, it can be seen that the pure refrigerant mass flow rate shows slightly decrease 
with OCR in I35a condition, and in M35a condition, it decreases with OCR more rapidly. With 
more oil in the mixture, more refrigerant will be dissolved in oil so that it couldn’t evaporate to 
provide cooling capacity, and more liquid refrigerant needs to evaporate when passing the TXV 
to cool down oil, so the amount of refrigerant that could provide real cooling capacity decreases 
with OCR. This also plays an adverse effect on the system capacity. 
3.3 Lubricant effect on compressor 
From Figure 3.10, it can be seen that the compressor shaft work decreases with OCR. The 
compressor work decreases significantly fast when OCR is within 3%.  The corresponded 
pressure ratio across compressor is shown in Figure 3.11. 
Oil 
Oil 
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Figure 3.10: Compressor work at different OCRs at both I35a and M35a conditions 
 
 
Figure 3.11: Pressure ratio across compressor at both I35a and M35a conditions 
            
This phenomenon can be explained by calculating the isentropic efficiency of the 
compressor.  
                                                             (3-5) 
                                              (3-6) 
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When calculating the isentropic compressor work, there are two ways to define the mass flow 
rate of  and the specific enthalpy difference. At the inlet of compressor, the refrigerant-oil 
mixture consists of three components: superheated vapor refrigerant, liquid refrigerant dissolved 
in oil, and oil. Vapor refrigerant is the only component that can be compressed, so the actual  
 should be calculated based only on the superheated vapor refrigerant, which means to use 
the mass flow rate of vapor refrigerant as , and calculate  and  based on the 
vapor’s properties. On the other hand, oil is a component of the mixture flowing through 
compressor, and when vapor is heated by compression, the oil could provide a “cooling effect” 
on the compressor by absorbing heat, so less heat would be released to the environment. 
Considering the heat transfer between oil and refrigerant, the apparent  is based on the 
refrigerant-oil mixture, which means  in Equation 3-6 is the measured mass flow rate, and 
both  and  are calculated from Equation 2-3. Figure 3.12 shows the isentropic 
efficiency from both calculation methods.  
 
          (a)                                                                                                     (b) 
Figure 3.12:  (a) Actual isentropic efficiency of compressor  (b) Apparent isentropic efficiency of compressor  
It can be seen that the actual isentropic efficiency increase with OCR at I35a condition. It 
increases relatively faster when OCR is within 3%, and then slows down when adding more oil, 
following the compressor work.  For M35a, it first increases a bit and then stays constant or 
decreases slightly after OCR goes beyond 3%.  
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The apparent isentropic efficiency increases at both I35a condition and M35a condition. This 
indicates that the compressor just appears to be more efficient-isentropic when adding more oil.  
3.4 Lubricant effect on COP 
From Figure 3.13 and Figure 3.14, it can be seen that the COP reaches a maximum value when 
OCR is around 2-3% at both conditions. In I35a condition, this maximum point is more obvious. 
In M35a condition, the COP does not change obviously when OCR is lower than 3%. When 
OCR is bigger than 3%, COP deceases relatively fast with OCR increase. 
 
            Figure 3.13: COP under different OCRs                Figure 3.14: Normalized COP under different OCRs                                      
The maximum value of COP is resulted from the competing between capacity and compressor 
work. As mentioned before, capacity decreases with OCR in both I35a condition and M35a 
condition, which means oil has an adverse effect on COP. On the other hand, compressor work 
also decreases with OCR, which has a positive effect on COP. When OCR is lower than 2-3%, 
the compressor work decreases relatively faster than capacity, so COP increases with bigger 
OCR. When OCR is higher than 3%, the capacity decreases faster than compressor work, and 
that is why COP decreases with OCR.    
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CHAPTER 4 EXPERIMENT RESULTS – OIL IN 
CIRCULATION EFFECT ON REFRIGERANT 
DSTRIBUTION IN HEAT EXCHANGERS 
4.1 Lubricant effect on evaporator distribution 
Distribution rating parameter  (Bowers, et al. 2010) is used here to quantify the distribution 
inside the evaporator. Zero for the value of Ф means the highest degree of maldistribution and 
one means uniform distribution. The calculation of  is based on the infrared image of 
evaporator as shown in Figure 4.1. 
                                   
Figure 4.1: The definition of distribution rating parameter Ø 
4.1.1 Distribution in evaporator 
When taking infrared images for evaporator from the front, only the first pass and fourth pass 
can be captured as shown in Figure 4.2. The evaporator is a 4-pass 2-slab plate evaporator with 
2
nd
 and 3
rd
 pass placed on the back. 
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 (a)  
 
(b) 
 
Figure 4.2: (a) The infrared image of evaporator with the max/min OCR in I35a condition (b) The infrared 
image of evaporator with the max/min OCR in M35a condition 
 
The expansion valve is installed in front of evaporator, so the infrared image of the fourth pass is 
very incomplete as shown in Figure 4.2. The quantitative analysis of two-phase distribution 
inside evaporator will be focused on the infrared image of the first pass as shown in Figure 4.3.  
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 (a)  
 
 
 (b)  
Figure 4.3: (a) Infrared images of first-pass of evaporator at I35a condition (b) Infrared images of the first-
pass of evaporator at M35a condition  
 
Figure 4.3 shows that for both I35a and M35a conditions, the evaporator distribution becomes 
worse when OCR increases, which hurts the  heat transfer effectiveness of the evaporator 
because the unwanted dry-out region leads to lower heat transfer coefficient. In addition, the 
color indicates that the average wall temperature of evaporator  increases as OCR increases. 
Considering the capacity of evaporator being calculated by air-side heat transfer as: 
                                                    (4-1) 
While air-side condition maintains the same and  and  are constant, a bigger  leads to a 
smaller capacity.  
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Li and Hrnjak (2014a) also investigated the oil effect on evaporator distribution using R134a and 
PAG oil on the same system facility but with a different evaporator. It was a single-pass single-
slab microchannel evaporator. 
 
Figure 4.4: Infrared of the evaporator in Li and Hrnjak (2014)’s research 
 
In comparison with the infrared images taken by Li and Hrnjak (2014a), as shown in Figure 4.4, 
Figure 4.3 has two major differences  
 Location of dry-out region: The dry-out region in Figure 4.3 is at the right up corner of 
the evaporator while the dry-out region in Figure 4.4 is at left up corner, although both 
evaporators have inlet on the left as shown in Figure 4.5 (the inlet of the evaporator used 
in this study is located on the left in the first pass),  
 Oil effect on distribution: Distribution becomes worse with more oil as shown by Figure 
4.3, however, oil plays a positive effect on distribution in Figure 4.4.  
These two differences can be explained by checking the geometry of the evaporator used in both 
studies as shown in Figure 4.5.   
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Figure 4.5: Evaporator comparison (Left is an evaporator very similar to Li and Hrnjak’s) 
The evaporator used in Li and Hrnjak’s study has an inlet parallel to the inlet header. When 
refrigerant enters the header from left, liquid is most likely to flow straight down to the end of 
the header because of inertia, so more liquid is accumulated near the right end of the header. 
Thus the inlets of micro-channel tubes on the left have less chance to be submerged in the liquid 
layer compared with tubes on the right, thus less liquid could be sucked away by the tubes on the 
left. This is the reason the dry-out region happens at the left up corner of the evaporator. This 
procedure is illustrated in Figure 4.6.  
 
Figure 4.6: Schematic drawings for the flow regime evaporator header (Li and Hrnjak) 
When more oil is added to the mixture, there will be a layer of foam at the left of header, which 
helps to submerge the inlet of micro-channel tubes on the left and improves the distribution. This 
29 
 
speculation is validated by the visualization images of the flow regime in inlet header as shown 
in Figure 4.7a and Figure 4.7b.  
 
Figure 4.7: Visualization of the flow regime in evaporator (Li and Hrnjak) 
On the other hand, the evaporator used in present study is a plate evaporator, and the evaporator 
inlet is perpendicular to the inlet header. When refrigerant-oil mixture flows into the inlet header, 
it hits on the wall of the header and loses most of its kinetic energy and accumulates around the 
inlet. Vapor has a much smaller inertia than liquid, so it is easier for vapor to be sucked away 
and leave that area, and liquid is more likely to stay around the inlet. This procedure is illustrated 
by Figure 4.8.  
 
Figure 4.8: Schematic drawings for the flow regime evaporator header (In this study) 
When oil is added to refrigerant, the layer of foam around the inlet helps to block the liquid 
within the area close to the inlet, which makes the distribution to become worse.   
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Figure 4.9: Flow regime comparisons 
From the above comparison, it is concluded that oil effect on distribution largely depends on the 
specific geometry (eg. Inlet position and direction) of the evaporator.  
4.2 Lubricant effect on distribution and oil retention of condenser 
The condenser used in this study is a four-pass micro-channel condenser. Figure 4.10 shows the 
infrared image of condenser with different OCRs. It can be seen there is a “cold region” at the 
bottom of the second and third passes when OCR is relatively higher. This is because the 
refrigerant becomes two-phase after the cooling down in the first pass, and the liquid droplets are 
very likely to drop down to the bottom of the vertical header and enter the channels in the bottom 
of the next pass. So the cold regions in the second and third pass should be subcooled refrigerant. 
However, a cold region is also found in the bottom of the first pass as circled in red. Considering 
that the inlet of the condenser is superheated refrigerant vapor, the distribution among the first 
pass should be relatively uniform, so it is pretty unexpected to see such a big temperature 
difference for the channels in the first tube.  
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(a) 
 
 
(b) 
Figure 4.10: (a) Infrared image of condenser in I35a condition (b) Infrared image of condenser in M35a 
condition 
Jin and Hrnjak (2014) observed a similar phenomenon as shown in Figure 4.11. They speculated 
that the cold region at the bottom of the first pass should be filled with oil-rich liquid. The 
condenser they used was a two-pass condenser with an inlet on the top of the inlet header and 
parallel to the micro-channel tubes. When the superheated vapor mixed with oil enters the 
condenser, the oil has a tendency to fall down and accumulate at the bottom of the header 
because of gravity, and then flow into the bottom channel as shown in Figure 4.12. The oil-rich 
liquid is very viscous, so it moves slowly in the bottom channel of the first pass and release heat 
to the flowing air. Oil does not have latent heat, so it would be cooled down quickly and become 
much colder than the two-phase flow in the first pass. 
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Figure 4.11: Infrared image for condenser from Jin and Hrnjak: (a) Total oil charge 140g; (b) Total oil 
charge 175 g; (c) Total oil charge 205g. 
In Jin and Hrnjak (2014), in addition to the cold region at the bottom of the first pass, there is an 
extra cold area at the upper right corner of the condenser as circled by dash line in Figure 4.11. 
The speculation was that when refrigerant-oil enters the inlet header, some oil droplets could 
directly flow into the top several micro-channel tubes because of inertia, and then they are cooled 
down quickly and form another cold region. But most of the oil droplets would hit on the walls 
as shown in Figure 4.12, and they would then fall down to the bottom of the inlet header and fills 
the channels there.  
 
Figure 4.12: Schematics of oil separation in the inlet header of condenser in from Jin and Hrnjak (2014) 
In In present study, the condenser inlet is located at the bottom of the inlet header, and 
perpendicular to the direction of micro-channel tubes. A similar speculation is proposed when 
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refrigerant-oil mixture enters condenser, it hits on the wall instead of flowing directly into the 
micro-channel tubes. When the mixture hits on the wall, most of its kinetic energy is observed 
and the liquid oil droplets lost its speed. The inertia and gravity make it to stay and accumulate at 
the bottom of inlet header, and then enters the last one or two channels to be cooled down 
quickly to form the cold region in the bottom of the first pass as shown in Figure 4.13. This cold 
region becomes bigger at a higher OCR in both I35a and M35a condition because more oil is 
accumulated on the bottom of the header and enters the bottom channels at higher OCR.  
 
 
Figure 4.13: Schematics of oil separation in the inlet header of condenser in this study (2014)  
The oil retention at the first pass of condenser has adverse effects on the performance of the 
system for two reasons. First, the cold region is a waste of efficient heat transfer area. Second, if 
more oil is trapped in condenser, less oil could be returned back to compressor to provide 
lubrication and sealing. 
34 
 
CHAPTER 5 MODELING 
Two models of evaporator and condenser are built in this research to validate and predict the heat 
transfer performance with different OCRs at different working conditions. The inlet conditions 
of refrigerant and air could be obtained from the experiment results. By calculation of the model, 
the outlet conditions of refrigerant and air are predicted, and the capacity of both evaporator and 
condenser can also be obtained and compared to the experimental data.  
5.1 Model development 
5.1.1 Heat transfer and pressure drop 
In both of the evaporator model and condenser model, the distribution is assumed to be uniform, 
so all the parallel tubes in the same pass are assumed to receive same amount of refrigerant. For 
each tube, it is divided into a certain number of elements along the direction of flow. When the 
elements are small enough, the inlet properties can be used to represent the average properties of 
the element.  
Given the inlet conditions of both refrigerant and air of each element, the heat transfer amount 
can be calculated based on  method if the heat transfer coefficient and friction factor are 
known as shown in Equation 5-1.  is the product of mass flow rate and specific heat of a certain 
fluid. 
                                             (5-1) 
                                                 (5-2) 
                                                (5-3) 
                                                              (5-4) 
For two-phase heat transfer, the effectiveness  can be calculated by Equation 5-5. For single 
phase heat transfer, the effectiveness  can be calculated by Equation 5-6. 
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                                                  (5-5) 
                          (5-6) 
The NTU is defined as Equation 5-7. UA is the overall heat transfer coefficient defined by 
Equation 5-8. 
                                                             (5-7) 
                                            (5-8) 
The pressure drop of refrigerant inside one element consists of three parts: pressure drop due to 
friction, pressure drop due to gravity, and pressure drop due to acceleration, and the latter two 
factors are so small that they can be ignored when compared to the pressure drop due to friction. 
If friction factor  is known, the pressure drop of refrigerant can be calculated by Equation 5-9, 
where  is the hydraulic diameter of the tube,  is the mean flow velocity, and L is the length 
of the tube element. 
                                                       (5-9) 
The correlation of pressure drop and friction factor used in this study is listed in Table 5.1.  
Table 5.1:List of correlations for heat transfer and pressure drop 
 Heat transfer coefficient Friction factor 
Refrigerant-side 
(Evaporator) 
Two phase Yan 1999 Friedel 1979 
Single phase Gnielinski 1976 Churchill 1977 
 Refrigerant-side 
(Condenser) 
Two phase Cavallini 2006 Friedel 1979 
Single phase Gnielinski 1976 Churchill 1977 
Air-side Chang and Wang 1997 - 
 
By calculating the heat transfer and pressure drop of an element, the refrigerant enthalpy  
and pressure  at outlet can be obtained, and the outlet conditions of the elements can be 
determined accordingly. 
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 Pure refrigerant 
To determine the outlet conditions of two-phase pure refrigerant, the quality at element outlet  
can be calculated as Equation 5-10, where  and  are the specific enthalpy for saturated 
vapor refrigerant and liquid refrigerant at . 
                                       (5-10) 
For single-phase refrigerant,   can be directly determined given  and .  
 Refrigerant-oil mixture (x>0) 
However, when oil is added to refrigerant, the oil-refrigerant mixture is treated as a zeotropic 
mixture. When vapor exists in the mixture (x>0), the temperature of the mixture is determined by 
the bubble temperature of the mixture instead of saturation temperature (Thome, 1995). 
                                                     (5-11) 
                                                            (5-12) 
                     (5-13) 
                      (5-14) 
The  and  in Equation are empirical constants in Equation 5-13 and 5-14. 
The vapor pressure of oil is usually about 12 orders of magnitude smaller than that of refrigerant, 
so it can be assumed safely that oil only exists in liquid, and the vapor of the mixture is pure 
refrigerant vapor (Jin, 2012). So the mixture has three components: refrigerant vapor, refrigerant 
liquid dissolved in oil and oil. The enthalpy of the mixture at the outlet of element can be 
calculated by Equation 5-15, where  and  are determined by the local pressure and 
bubble temperature.  
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                     (5-15) 
So when vapor exists in the mixture, the outlet conditions of refrigerant-oil mixture can be 
obtained by calculating  and . 
 Refrigerant-oil mixture (x<0) 
For the subcooled oil-refrigerant mixture, the enthalpy at element outlet can be determined by 
Equation 5-16, where  is the specific enthalpy of subcooled refrigerant liquid, so the 
refrigerant conditions at outlet can be determined. 
                                (5-16) 
When obtaining the outlet condition of one element, it could become the inlet condition of the 
next element. The same calculation procedure would be repeated again, and the outlet condition 
of the tube can be finally achieved when the calculation of all the elements are finished. 
5.1.2 Properties of Refrigerant-oil mixture 
The existence of oil in refrigerant changes the properties of liquid refrigerant. The correlations 
used in this model are inherited from Li and Hrnjak (2013) and they are summarized in Table 5.2.  
 
Table 5.2: List of correlations for refrigerant-oil mixture 
Property Correlation Details 
Liquid density Jensen and 
Jackman [4]  
Liquid 
viscosity 
Yokozeki [13] 
 
Surface 
tension 
Jensen and 
Jackman [4] 
 
Liquid 
conductivity 
Flilippov and 
Novoselova (1955) 
 
Liquid 
specific heat 
Thome [25] 
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5.2 Model validation 
For both of the evaporator and condenser models, the inlet conditions of refrigerant and air can 
be obtained from experiment data. The mass flow rate of refrigerant-oil mixture can be obtained 
from meter installed after condenser outlet. The OCR is measured by the sampling device. All 
those parameters are used as input of the model.  
Figure 5.1a compares evaporator capacity and condenser heat transfer between model prediction 
and experimental measurement. The prediction capacity is very close to the experimental 
measurements at I35a condition and the difference is within ±1% as shown in Figure 5.1a. For 
M35a, the difference between prediction and experiments of evaporator capacity is within ±5%. 
The condenser prediction accuracy is shown in Figure 5.1b. At I35a condition, the difference 
between prediction and measurement is within ±2%, while the difference is within ±3% at M35a 
condition.  
  
 
Figure 5.1a: Comparison of evaporator capacity between test and model 
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Figure 5.1b: Comparison of condenser heat transfer amount between test and model 
 
For the pressure drop across heat exchangers, the difference between model prediction and 
experimental results are shown in Figure 5.2. It can be seen that there is a huge difference 
between the predicted pressure drop and measurement results for evaporator. One reason might 
be the pressure drop correlation does not take the flow characteristics of plate evaporator into 
consideration. The other possible reason is that the pressure drop of the header is not ignored 
here, which also brings in errors. For condenser, the difference between model prediction and 
measurement results are within 30%. 
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Figure 5.2: Comparison of pressure drop over heat exchangers between test and model 
Figure 5.3 shows the difference between predicted superheat and experimental measurements, 
and the error bars marks ±5 ºC temperature difference for I35a condition, and ±7 ºC for M35a 
condition.  
 
Figure 5.3: Comparison of superheat between test and mode 
 
+30% 
-30% 
+30% 
-30% 
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Figure 5.4 shows the difference between predicted subcooling and experimental measurements 
are even smaller than that of the superheat at both I35a condition and M35a condition, and the 
error bars mark 3 ºC temperature difference in Figure 5.4.  
 
Figure 5.4: Comparison of subcooling between test and mode 
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CHAPTER 6 SUMMARY AND CONCLUSION 
6.1 Conclusions for experiments  
In this study, the lubricant effect on MAC system is investigated experimentally on a real MAC 
system in two SAE conditions. In each condition, the experiments are performed at six different 
OCR ranging from 1% to 8%.  
 OCR has a negative effect on system capacity. Bigger OCR would increases the 
refrigerant-side pressure drop across heat exchangers, and lowers the temperature 
difference between evaporator and air, which hurts the capacity of system.  
 Oil brings negative effect on the heat transfer coefficient and makes the evaporator 
distribution worse, and consequently reduces the UA value of both evaporator and 
condenser.  
 The difference of refrigerant-oil mixture’s specific enthalpy across evaporator decreases 
with OCR, which indicates that the evaporator’s cooling ability decreases with OCR. The 
available refrigerant mass flow rate also decreases with OCR, which means less 
refrigerant is able to provide cooling capacity when OCR increases.  
 OCR helps to reduce compressor’s shaft work by improving its apparent isentropic 
efficiency. 
 The OCR’s effects on capacity and compressor work compete with each other to achieve 
a peak COP value when OCR is around 2-3% in both I35a condition and M35a condition. 
The infrared images are taken to analyze the lubricant effect on evaporator two-phase 
distribution as well as the oil retention in condenser. The results are compared to two similar 
previous researches.  
 Oil’s influence on evaporator distribution is significant and influenced by the 
evaporator’s specific structure. The evaporator in this study has a worse distribution with 
a higher OCR, but in Li and Hrnjak’s research, they found that the evaporator’s 
distribution benefits from OCR. The dry-out region is located in different positions in the 
two researches. The difference between the two findings can be explained by looking into 
the structure of the two evaporators.  
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 Infrared images of condenser show that oil accumulates in the bottom of the first pass to 
form a cold region unexpectedly. This phenomenon is also observed by Jin and Hrnjak, 
and both findings as well as the difference can be explained based on Jin and Hrnjak’s 
speculations.   
 The overall effect of lubricant on evaporator and condenser is that oil hurts their 
performances and lowers the UA value for both evaporator and condenser. This might be 
a combined effect of properties change and distribution changes.  
6.2 Conclusions for model prediction  
Models are developed to predict the capacity and pressure drop for both evaporator and 
condenser in this study. The difference between model prediction and experimental result is 
within 5% when predicting the evaporator capacity and condenser capacity in both I35a 
condition and M35a condition. The prediction of condenser pressure drop has a 30% difference 
than the experiment value, but the prediction of evaporator pressure drop is far off compared to 
the experimental value. One possible explanation is that the pressure drop correlation does not 
take the specific geometry of plate evaporator into consideration. The prediction of superheat and 
subcooling are relatively accurate. The difference between the model and experiment data is 
around 7 ºC for superheat, and the difference is within 2 ºC for subcooling prediction. 
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APPENDIX 
 
- Charge determination test results 
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